Particle aggregation in concentrated polymer solutions, melts and crosslinked elastomers profoundly alters the mechanical, optical and electrical properties of nanocomposites [1] [2] [3] [4] [5] . Mechanisms of controlling the state of particle aggregation in these complex mixtures remain elusive and poorly understood [6] . Conceptual frameworks for achieving good dispersion generally rely on chemically or physically bound polymer layers [7, 8] to induce a repulsive interparticle potential-of-mean-force between nanoparticles [9, 10] . Nonetheless, understanding the nature of, and what controls, the structure and properties of these layers remains an outstanding challenge in soft matter of broad importance in polymer science, colloid science, and even biological systems. Obstacles limiting progress include (i) developing experimental tools and physics-based strategies for measuring and controlling the material-specific strength of polymer segments-particle surface attraction, (ii) differentiating polymer segments adsorbed on the nanoparticle surface from bulk polymer in the dense polymer solutions or melts, and (iii) measuring the packing structure of both segments and particles over a wide range of length scales and volume fractions.
In this Letter we present experimental results addressing the above issues using contrast matching small angle neutron scattering techniques in conjunction with carefully designed, thermodynamically stable (miscible) concentrated ternary solutions of short chain polymers (oligomers), nanoparticles and solvent. Measuring the intensity of scattered neutrons as a function of particle and polymer scattering contrast allows determination of all three partial collective structure factors that quantify spatiallyresolved segment-segment, particle-particle, and interfacial concentration fluctuations [11] . We employ this experimental knowledge to : (i) determine the adsorbed layer thickness, (ii) quantitatively test at an unprecedented level the microscopic Polymer Reference Interaction Site Model (PRISM) theory [12, 13] , and (iii) discover strong limitations of the incompressible random phase approximation (IRPA) [14] . How interfacial cohesion can qualitatively modify the effect of particle addition on the nanocomposite bulk modulus is addressed based on the experimentally validated theory.
Silica nanoparticles of diameter D=40nm are synthesized via the standard Stöber process [15] and suspended in dense polymer solutions composed of oligomeric poly(ethylene glycol) (PEG) of molecular weight 400 (27 backbone bonds, 9 monomers) and D 2 O and H 2 O solvents. Oligomer concentration is described by the ratio of PEG to 
where n j = ρ and long chain polymers [19] . This provides theoretical support for our belief based on general physical considerations for dense polymer liquids that our present oligomer-based system behaves similarly to its equilibrated long chain analog. Real space intermolecular site-site pair correlations, g ij (r), are computed by solving three coupled nonlinear integral equations, from which the S ij (q) directly follow [11, 18] .
Experimental partial structure factors at φ c =0.2 are shown in Fig.1 . S cc (q) has a form characteristic of a correlated fluid, and both S cc (q) and S pp (q) display peaks near qD~ 4-6. The peak in S cc (q) is associated with a liquid-like nanoparticle packing, while the intense "microphase-like" peak in S pp (q) occurs at a length scale which greatly exceeds that of the PEG radius-of-gyration corresponding to qD=2πD/R g~3 60. Its physical origin is spatial correlations between adsorbed polymers with non-bulk-like properties mediated by nanoparticles [12] . In the following we use the S ij (q) to both quantitatively test PRISM theory and demonstrate, for the first time, that based on a single volume fraction independent value for ε pc all three partial structure factors can be understood, and such information allows the experimental measurement of the existence and thickness of an adsorbed polymer layer. Figure 1 compares the experimental S cc (q) and S pp (q) with theoretical calculations for interfacial attraction strengths: 0.25 kT < ε pc < 1.05 kT. For both structure factors, note the high sensitivity of the predicted scattering patterns to the value of ε pc . Good agreement between theory and experiment is found for both S cc (q) and S pp (q) with a common value of ε pc = 0.45kT, very close to the value of ε pc = 0.55kT previously deduced for S cc (q) of pure melts of silica and PEG [18] . Most significantly, the accuracy of PRISM theory for predicting collective polymer microstructure with no adjustable parameters is demonstrated for the first time. Excellent theory-experiment agreement is also found for the cross fluctuations, S pc (q) [11] .
The measured and predicted S ij (q) at all volume fractions studied are presented in value of ε pc . This provides significant support for the intrinsic material origin of ε pc , the dominance of the interfacial attraction strength in determining both polymer and particle microstructures, and the accuracy of PRISM theory for the full mixture structure.
Often the structure of multi-component polymeric materials (blends, block copolymers) on length scales well beyond the monomer scale is accurately described by the incompressible random phase approximation (IRPA) [14, 20] . The IRPA predicts inter-relations between the three partial collective structure factors: (q) , is zero by assumption. Traditionally, the IRPA is applied to dense polymeric systems where attractions are weak and structural differences between species small. However, its validity is unknown for polymer nanocomposites where attractions can be strong, there is a massive length scale asymmetry, and the packing polymers at hard curved internal surfaces is relevant. Our measurement of all three S ij (q) allows the first critical testing of the validity of the IRPA for polymer nanocomposites.
The IRPA predicts the peaks in S pp , S cc and S pc should all occur at the same value of qD. As shown in the inset to Fig. 3 , at a constant nanoparticle volume fraction there are systematic, φ c -dependent differences in the peak locations. The main frame of Fig. 3 shows S tot (q) at each φ c . For qD<4, the total density fluctuations do reach a q-independent 8 (but non-negligible) constant which, however, varies significantly with nanoparticle volume fraction. For shorter wavelength density fluctuations (qD > 4), but still long compared to monomer and oligomer sizes, the total density fluctuations depend on length scale, and grow strongly with φ c . Thus, the strong packing asymmetry of the oligomers and particles induces total density fluctuations of significant magnitude and spatial variation which results in strong qualitative deviations from the IRPA relations.
To both shed more light on the origins of the IRPA failure, and to in situ characterize adsorbed polymer layers, we consider scattering in a system where Δρ c =0
and hence the intensity is due to non-bulk-like polymer concentration fluctuations from shells of adsorbed polymer. The scattered intensity in Eq. (1) can then be approximated as ~S pp (q)~S pp * (q)P s (q), where P s (q) is the φ c 0 polymer shell form factor, and S pp * (q) is the structure factor associated with correlations between the shell centers-of-mass (CM).
Both P s (q) and S pp * (q) can vary with shell volume fraction [21] . We argue that the adsorbed polymer shell CM will, to a good approximation, have the same correlations as experienced by the CM of the nanoparticles (S pp * (q)~S cc (q)) such that when Δρ c =0,
, where C is a φ c -dependent normalization constant. Figure 4 presents the experimental P s * (q) obtained from S pp (q)/S cc (q), and the PRISM theory analog determined in the same manner. One notes P s * (q) results from well-defined adsorbed oligomer layers that are structurally distinct from bulk polymers.
The resulting P s * (q) overlap well, with the first minimum shifting to slightly lower q as φ c increases. Using scattering length density parameters at a match condition and a coreshell model form factor [22] , the adsorbed shell thickness is determined [11] to be ~0.7-1 nm, which is modestly larger than the PEG segment length. It is notable that the signature 9 of an adsorbed layer with non-bulk density fluctuations is accurately captured by PRISM theory (solid curve). Our results demonstrate the failure of IRPA arises largely from polymer adsorption which alters local oligomer segment concentration fluctuations.
Moreover, S pp (q) and S pc (q) contain critical information that allows determination of adsorbed layer thickness under dense conditions. Note also that as φ c increases, the data suggests the oligomer layer thickness decreases weakly from ~1.1 to ~0.9 nm, presumably due to greater confinement.
Finally, we consider an important material property based on the experimentally validated theory, the nanocomposite bulk modulus, K B ,which depends on the full mixture microstructure [18] . Figure 5 shows calculations of K B normalized to its pure polymer melt analog, K B0 , over a wide range of interface attraction strengths. At higher ε pc where adsorbed layers are well-developed and polymers mediate repulsive interparticle interactions, K B decreases with increasing φ c , consistent with prior theoretical studies [18, 23] , and seemingly a recent measurement of the thermal pressure coefficient (proportional to K B ) in a polymer nanocomposite [24] . However, for smaller ε pc where polymers adsorb less, and repulsive and attractive (entropic depletion) effects coexist in the nanoparticle potential-of-mean force [12, 13] , the bulk modulus increases with particle loading. Hence, we predict a direct connection between changes of polymer organization around nanoparticles and mixture microstructure with nanocomposite stiffness. Crucial to this rich behavior is that the total mixture volume fraction varies with φ c in a manner consistent with melt and concentrated solution experiments [16, 18] . The striking prediction [25] that lowering ε pc towards the depletion demixing boundary stiffens the nanocomposite, while increasing the attraction strength away from it results in softening, provides a new route to controlling the bulk modulus based on rational manipulation of polymer-particle interfacial cohesion and nanoparticle concentration.
In summary, using contrast matching neutron scattering we have measured and compared to the theory, for the first time, all collective partial structure factors in concentrated oligomer-nanoparticle mixtures. Polymer and particle concentration fluctuations, and their cross-correlation, are all well predicted by PRISM theory based on a single key parameter, the segment-particle interfacial attraction strength. We developed a novel way to measure the thickness of an adsorbed layer in dense polymer solutions, and demonstrated that nanoparticle miscibility correlates with the existence of nm-thick adsorbed polymer layers that provide steric stability. We also discovered large qualitative failures of the IRPA. Broader implications of our results lie in our demonstration that, by altering the magnitude of ε pc through changes in particle surface chemistry and/or polymer chemistry, the microstructure of nanocomposites and concentrated polymer solutions can be tuned to achieve desired goals. at four volume fractions. The dash-dot line is a fit to the form factor of a core-shell model [22, 26] . The bare spherical-particle form factor, P c (q), is shown as the short dashed curve for comparison to P s * (q), experimentally obtained from dilute particle suspensions and fitted to the standard homogeneous sphere model. Fitting equations are found in [11] . 
